Abstract. In a case study we demonstrate the spatiotemporal structure of aurora and plasma convection in the cusp/polar cap when the interplanetary magnetic field (IMF) B z < 0 and B y |B z | (clock angle in GSM Y − Z plane: 135 • ). This IMF orientation elicited a response different from that corresponding to strongly northward and southward IMF. Our study of this "intermediate state" is based on a combination of ground observations of optical auroral emissions and ionospheric plasma convection. Utilizing allsky cameras at NyÅlesund, Svalbard and Heiss Island (Russian arctic), we are able to monitor the high-latitude auroral activity within the ∼10:00-15:00 MLT sector. Information on plasma convection is obtained from the SuperDARN radars, with emphasis placed on line of sight observations from the radar situated in Hankasalmi, Finland (Cutlass). A central feature of the auroral observations in the cusp/polar cap region is a ∼30-min long sequence of four brightening events, some of which consists of latitudinally and longitudinally separated forms, which are found to be associated with pulsed ionospheric flows in merging and lobe convection cells. The auroral/convection events may be separated into different forms/cells and phases, reflecting a spatiotemporal evolution of the reconnection process on the dayside magnetopause. The initial phase consists of a brightening in the postnoon sector (∼12:00-14:00 MLT) at ∼73 • MLAT, accompanied by a pulse of enhanced westward convection in the postnoon merging cell. Thereafter, the event evolution comprises two phenomena which occur almost simultaneously: (1) westward expansion of the auroral brightening (equatorward boundary intensification) across noon, into the ∼10:00-12:00 MLT sector, where the plasma convection subsequently turns almost due north, in the convecCorrespondence to: P. E. Sandholt (p.e.sandholt@fys.uio.no) tion throat, and where classical poleward moving auroral forms (PMAFs) are observed; and (2) auroral brightening at slightly higher latitudes (∼75 • MLAT) in the postnoon lobe cell, with expansion towards noon, giving rise to a clear cusp bifurcation. The fading phase of PMAFs is accompanied by a "patch" of enhanced (∼1 km/s) poleward-directed merging cell convection at high latitudes (75-82 • MLAT), e.g. more than 500 km poleward of the cusp equatorward boundary. The major aurora/convection events are recurring at ∼5-10 min intervals.
Introduction
There is now increasing evidence supporting the view that plasma convection at dayside high latitudes under conditions of a dominant B y component consists of a composite pattern of so-called merging and lobe convection cells (Reiff and Burch, 1985; Knipp et al., 1993; Lu et al., 1994; Weiss et al., 1995; Crooker et al., 1998; Weimer, 2001; Eriksson et al., 2002) . While the merging cells are characterized by the transfer of magnetic flux across the open-closed field line boundary (OCFLB) in the cusp region, the lobe cells circulate plasma in the polar cap region, entirely poleward of the OCFLB. Recent case studies have documented that these two types of plasma convection are accompanied by corresponding auroral forms (Sandholt et al., 1998b . The aurora associated with merging cell convection is characterized by a sequence of equatorward boundary intensifications from which emanate poleward moving auroral forms (PMAFs) (Sandholt et al., 1986; Fasel, 1995; Sandholt and Farrugia, 1999; Sandholt et al., 2002) . The sequential behaviour is considered to reflect the pulsed (intermittent) nature of magnetic reconnection at the magnetopause (Russell and Elphic, 1978; Cowley, 1984) . The corresponding convection signature consists of pulsed flows in the cusp region ionosphere (Lockwood et al., 1989; Provan et al., 1999; Moen et al., 2001) .
Initial case studies indicate that the auroral manifestation of the composite pattern of merging and lobe cells appears in the form of two latitudinally separated forms, called types 1 and 2, forming a so-called bifurcated cusp (Sandholt et al., 1998c , which corresponds to a double cusp in particle precipitation data (Wing et al., 2001; Sandholt et al., 2002) . The detailed 2-D association between aurora and convection in this configuration is not well known at present. This association is the topic of the present paper.
The importance of B y for lobe reconnection and the resulting convection cells confined entirely to the polar cap has been highlighted for a purely positive IMF B y in magnetohydrodynamic (MHD) studies by, for example, Crooker et al. (1998) and White et al. (1998) . The former study indicated that the IMF B y and B x components are more important controlling factors than IMF B z . Moreover, the Alfvén Mach number seemed to control the relative strengths of the model lobe cell circulation relative to the normal dayside two-cell convection pattern. The larger the Alfvén Mach number is, the weaker the lobe cell strength.
Recently, a few observations of B y -dominant IMF reconnection have been presented. Marcucci et al. (2000) reported an indirect observation of a long reconnection event detected by the Equator-S spacecraft for a dawn magnetopause skimming the orbit near the equatorial plane during a predominantly dawnward directed IMF with a southward B z component. Popescu et al. (2001) presented Interball Tail data of a reconnection event, also during mainly dawnward IMF, at the high-latitude dawnside flank, with a sunward-flowing plasma layer adjacent to the plasma mantle that lasted for many hours. The question of sub-Alfvenic versus superAlfvenic flow regimes along the magnetopause and the stability of the reconnection site have been addressed in a few publications. Adopting the antiparallel merging hypothesis to study the magnetopause location of quasi-steady and transient reconnection at the magnetopause, Rodger et al. (2000) concluded that the condition of fields being within 10 • of pure antiparallel alignment is met within a sub-Alfvénic region at the dusk (dawn) high-latitude Northern Hemisphere flank for an IMF of equal magnitudes of a positive (negative) B y and negative B z .
Lobe cell convection during |B y | > |B z | IMF conditions is characterized by sunward (zonal) polar cap convection in the postnoon (prenoon) sector for B y > 0(< 0) (Reiff and Burch, 1985; Lu et al., 1994; Eriksson et al., 2002) . According to these studies, lobe cell convection is present for both positive and negative B z polarity so long as |B y | ≥ |B z |. Furthermore, in their recent case study based on data from the FAST satellite, Eriksson et al. (2002) show that the zone of sunward (zonal) lobe cell convection is accompanied by a patch of precipitating magnetosheath plasma with the presence of strong field-aligned currents (of opposite polarity) at its northern and southern boundaries, within the 79 • -82 • MLAT/13:00-14:00 MLT sector (B y > 0) in the summer hemisphere (see their Plate 3). In this study we are taking advantage of the ability of ground-based observations to reveal the spatiotemporal variability of auroral precipitation and convection referring to the same sector/phenomenon. However, our observations are performed in the winter hemisphere.
At present, there is an ongoing debate about where reconnection takes place at the magnetopause during strong IMF B y conditions. One view is that reconnection in such cases can occur where there are antiparallel components in the external magnetosheath magnetic field and the Earth's field (Gonzalez and Mozer, 1974; Cowley, 1981; Sonnerup, 1984; Taguchi et al., 1993; Kawano and Russell, 1997; Siscoe et al., 2001 ). According to this view, reconnection can take place over large areas of the dayside magnetopause, for example, along a tilted reconnection line traversing the subsolar region and extending to high latitudes in both hemispheres. In the antiparallel model, on the other hand, reconnection is restricted to high latitudes during B y -dominated IMF conditions (Crooker, 1979; Luhmann et al., 1984; Rodger et al., 2000; Coleman et al., 2001) . Auroral observations of relevance to this issue are reported in this paper.
By combining observations from two similar all-sky imagers with partly overlapping fields of view in the east-west direction, we have been able to study the 2-D evolution of auroral forms in the cusp region, around magnetic noon, and in the postnoon sector of the polar cap. The continuous groundbased monitoring by this technique allows us, in this case study, to demonstrate the detailed spatiotemporal evolution of auroral precipitation and plasma convection when the latter consists of a composite pattern of merging and lobe cells, during a long interval of B y > 0 and B z < 0 conditions. The detailed observations of the evolution of the auroral events, including poleward moving/expanding auroral forms (PMAFs), are placed in the proper context of large-scale plasma convection at high temporal and spatial resolution. First of all, we demonstrate a close association between the sequence of auroral brightenings/PMAFs and pulsed ionospheric flows (Provan et al., 1999; Greenwald et al., 1999; Provan et al., 2002) . Each episode of enhanced merging cell convection may be divided in two phases, for example, (i) enhanced westward convection at the cusp equatorward boundary, followed by, (ii) a "patch" of strong (∼1 km/s), poleward convection at high latitudes, >500 km poleward of the cusp equatorward boundary. The corresponding phases of cusp auroral activity are: (i) equatorward boundary intensification (initial appearance in the postnoon sector followed by rapid expansion across noon) and (ii) poleward moving/expanding auroral form in the 10:00-12:00 MLT sector.
We note that ion flow velocities are observed to increase poleward of the cusp during these poleward propagating events. Phases (i) and (ii) of the ionospheric auroral-convection events are considered to be manifesta- Interplanetary magnetic field (IMF) and solar wind plasma data obtained from spacecraft IMP8 during the interval 06:00-11:00 UT on 14 January 1999. Panels from top to bottom show proton density, bulk speed, proton temperature, dynamic pressure, field intensity, and GSM X, Y , and Z components, and the clock angle. IMF regimes are marked by vertical guidelines (see text).
tions of bursty/pulsed dayside magnetopause reconnection and the subsequent tailward motion of reconnected field lines. The high-latitude phase (ii) observations appear as the recently reconnected field lines are being pulled antisunward by the magnetosheath flow. The observed flow excitation in this phase is in agreement with the previous observations/interpretations reported by for example, Sandholt et al. (1993) and Provan et al. (2002) . PMAFs are found to be tracers of electron precipitation along poleward moving flux tubes in the convection throat which are present during a ∼5-min long phase following the initial equatorward boundary intensification. The presence of a stepped cusp particle precipitation observed by polar orbiting, low-altitude spacecraft (Escoubet et al., 1992) during an interval of sequential auroral brightenings/PMAFs, an association first documented by Yeoman et al. (1997) and Farrugia et al. (1998) , is confirmed in this study. In the present case the cusp was observed to be permeated by thin filaments of electron precipitation containing a rather broad energy spectrum (∼30 eV-1 keV; average en- ergy 200 eV). The latter is consistent with the long auroral rays which are so typical in the cusp region. Figure 1 shows interplanetary magnetic field and plasma data observed by the IMP8 spacecraft during the interval 06:00-11:00 UT on 14 January 1999. At 08:00 UT IMP8 was located at (−1.9, −33.6, −9.4) R E , e.g. the spacecraft was in the solar wind near the dawn terminator. B y was strongly positive (10-15 nT) throughout, except for three brief excursions to zero, or slightly negative between 09:20-10:00 UT. B x was negative. We note the southward (at 07:50 UT) and northward turnings at 09:54 UT, marked by the first and third vertical guidelines. The same major features are observed from spacecraft ACE, located at (233, 36, 8) R E . The mentioned rapid and strong northward turning was recorded by ACE at 08:40 UT, i.e. 74 min earlier than IMP8. Both spacecraft recorded a solar wind bulk speed of 420-430 kms −1 and density (dynamic pressure) of 10 cm −3 (4 nPa). The ground magnetic effect of the northward turning at 09:54 UT (IMP8 time) is clearly observed in the local magnetograms from the Svalbard IMAGE stations at 10:00 UT. The propagation delay from IMP8 to the ground is about 5-10 min in this case. We shall be concerned with the auroral activity in the cusp region during the interval 08:10-08:50 UT, when the IMF is characterized by a negative (−10 nT) B z component and a positive (10 nT) B y component. This is the interval between the first two vertical guidelines in Fig. 1 . The clock angle (polar angle of the IMF vector projected into the GSM Y − Z plane) is ∼135 • . Figure 2 shows the observation geometry at ∼08:35 UT superposed on a schematic convection pattern consisting of merging (M) and lobe (L) cells. Arrowed meridional lines and circles mark the fields of view (FOV) of the meridian scanning photometer (MSP) and the all-sky camera, respectively, in NyÅlesund, Svalbard (76.1 • MLAT). The FOV of the all-sky camera at Heiss Island, located ∼700 km to the east of Svalbard, is marked by the second circle (to the left).
Data presentation
Hatched areas mark two latitudinally and longitudinally separated cusp-type auroral forms, labelled 1 and 2. Strong red line emission in the type 1 cusp aurora in the convection throat in the 10:00-11:30 MLT sector during 08:36-08:38 UT is marked by cross-hatching. The westward expansion of the type 2 form into the eastern part of the field of view at NyÅlesund during 08:33-08:35 UT, as well as the poleward expansion of type 1 auroras during 08:35-08:38 UT, are indicated. Regions of strong backscatter along beams 4, 9, and 14 of the CUTLASS Finland HF radar are marked by bars along the respective anntenna beams. As we shall see below, the "re-brightening" phenomenon can be the result of the expansion of type 2 events into the MSP FOV, from the east (postnoon) side. The events typically recur at 5-10 min intervals. The 2-D evolution of the activity in the interval 08:30-08:38 UT will be shown below, revealing that the type 2 auroral brightening/expansion events are accompanied by zonal flow towards noon from dusk, in the polar cap.
In order to illustrate the transition in auroral emission along the NyÅlesund meridian which took place at 08:55-09:00 UT (12:00 MLT), we show in Fig. 4 a red line plot for the interval 08:00-10:00 UT. The aurora along the Nẙ Alesund meridian changed latitudinal position and character when the local meridian rotated with the Earth into the postnoon sector. After 09:00 UT, the aurora is located further to the south, and the poleward moving forms are not such a dominant feature as in the interval 08:00-09:00 UT. Figure 5 shows an all-sky image sequence of the 630.0 nm aurora observed at NyÅlesund during the interval 08:31-08:39 UT. The NyÅlesund all-sky camera FOV for the red line emission (at ∼08:30 UT) is indicated in Fig. 2 . This sequence shows the 2-D evolution of one of the four major auroral events recorded by the MSP plot during the interval 08:25-08:50 UT (Fig. 3) . Two features are clearly manifest:
1. the appearance of a bright form (rayed band) in the eastern part of the FOV at ∼08:32 UT (type 2 aurora), which expands westward and poleward, reaching the MSP meridian at ∼08:36 UT, and fading out during 08:36-08:38 UT, 2. brightening in the southwestern part of the FOV during 08:34-08:37 UT (type 1 aurora; marked as crosshatched area in Fig. 2) . The latter appears as a red line intensification at 45 • SZ-60 • SZ in Fig. 3 .
A closer view of the evolution of the auroral activity in the 12:00-15:00 MLT sector during the interval 08:30-08:38 UT is provided by the image sequence shown in Fig. 6 , obtained from the Russian station Heiss Island (HI), located at 80.6 • N; 58.1 • E (75.2 • MLAT). This location is ∼700 km to the east of NyÅlesund. The approximate FOV of this camera (at 630.0 nm) is indicated in Fig. 2 . The center of the FOV of the HI camera is located at the eastern boundary of the NyÅlesund camera. The HI camera, therefore, effectively extends the FOV in the eastward direction to include (in our case) the ∼13:00-15:00 MLT sector.
The initial brightening, located in the ∼13:00-15:00 MLT sector, is seen in the third (08:31:38 UT) image in Fig. 6 . The brightening continues in the next image (08:32:46 UT). This is followed by a clear auroral bifurcation which is evident in the 08:33:56 UT image and onwards, characterized by a type 1 aurora in the southwestern part of the HI FOV and the type 2 form expanding westward across the whole FOV further north. The western boundary of the type 2 event expanded westward from Heiss Island (center of the FOV) to Svalbard during the interval 08:32-08:35 UT. Thus, this form entered the FOV of the NyÅlesund meridan scanner, slightly south of the zenith, at 08:35 UT. The fading phase of this event is represented by the lower row of pictures in Fig. 6 , covering the interval 08:36:17-08:38:40 UT. Main features of the auroral activity during the interval 08:33-08:38 UT are schematically summarized in Fig. 2 . Figure 7 shows line of sight ion drift velocities obtained by beams 4 (upper panel), 9 (middle), and 14 (bottom) of the Cutlass Finland HF radar during the interval 08:00-09:00 UT • to 72 • MLAT during 08:00-08:50 UT, and then expanded down to 70 • MLAT by 09:00 UT. This backscatter boundary and its motion correspond closely with the equatorward boundary of the type 1 cusp aurora (see Fig. 3 ). A pulsed nature of the away (antisunward) flow, roughly corresponding to the auroral brightenings marked by the vertical guidelines, is seen in beams 4 and 9.
The easternmost beam (14; bottom panel) shows four patches of line of sight flows toward the radar (green and blue), within 73-78 • MLAT, during 08:20-08:50 UT. These events are centered at the times of the marked auroral events. At this point we note that the CUTLASS beam 14 overlaps with the eastern part of the NyÅlesund all-sky camera field of view and the western part of the Heiss Island camera field of view. The initial phase of these radar events (within 73-75 • MLAT), representing westward convection (also containg an equatorward component), corresponds to the initial auroral brightening in the same region. We also note in the beam 14 data the presence of transient events of away flow (red) at the equatorward boundary of the region of backscatter at the time of the type 1 auroral brightening events (the vertical lines). There are some spurious positive (blue) Doppler shift echoes mixed in with the general negative (red) Doppler shift flow.
Returning to the 08:32-08:38 UT event, we observe the following association between aurora and ion drift. At 08:35 UT (second vertical guideline in Fig. 7) , beam 14 recorded an away (line of sight) flow (red) at 73 • MLAT, near the equatorward boundary of the (type 1) aurora in the 12:00-13:00 MLT sector, and a toward flow (blue) between 75 • -78 • MLAT, in the region of the type 2 expansion event (see Figs 6 and 2). This association of aurora-convection is seen in most events. We also notice that each individual patch of toward (blue) flow typically expands poleward during the event (see, for example, the interval 08:32-08:38 UT). Each event (blue patch) is associated with auroral forms (type 2) expanding towards Svalbard, from the eastern (postnoon) side. The aurora corresponding to the 08:32-08:38 UT event is shown in Figs. 5 and 6.
The spatial structure of the convection pattern and its evolution during the interval 08:32-08:42 UT are shown in Fig. 8 . The coordinate system is magnetic local time (MLT) and magnetic latitude (MLAT). To construct the 2-D flow pattern from the radar line of sight velocities, we employ the analysis technique developed by Ruohoniemi and Baker (1998) (see also Greenwald et al., 1995) . This technique determines the solution for the distribution of electrostatic potential expressed as a series expansion in spherical harmonics (in our case of the order of 10), constrained by the line of sight measurements of the radars. Contours of the electrostatic potential so derived are superimposed, which, in effect, represent convection flow streamlines. In regions where no radar backscatter is present, the potential solution is driven by a statistical convection model, which may not accurately reflect the instantaneous flows occurring in the ionosphere. However, in regions where backscatter is present, thus constraining the solution, the contours represent a flow pattern that accurately reflects the line-of-sight measurements.
From Fig. 8 we note the following three features of the evolution of the event:
1. The initial (08:32-08:34 UT) westward convection in the 12:00-14:00 MLT/∼73-75 • MLAT sector which is accompanied by a clear local auroral brightening (see Fig. 6 );
2. The strong (red) poleward flow in the 10:00-11:30 MLT/73 • -78 • MLAT sector during 08:34-08:38 UT. The corresponding aurora consists of an equatorward boundary intensification (EBI) at ∼73 • from which emanates a poleward moving auroral form (PMAF). These observations strongly indicate that there is a close association between the auroral phenomenon (EBI-PMAF) (see Fig. 3 ) and enhanced poleward flow in the convection throat. The brightest type 1 aurora during 08:34-08:39 UT is confined to the western side of the NyÅlesund meridian, as is seen in Fig. 5; 3. The westward convection in the lobe cell (blue) in the postnoon sector (12:00-15:00 MLT/∼75-77 • MLAT) during 08:34-08:38 UT (Fig. 8 ).
This is accompanied by the westward expansion of the type 2 aurora (Fig. 6 ). The spatial relationship between the two auroral forms (called types 1 and 2) and the convection pattern at this time is illustrated in Fig. 9 . We note that the sunward flow in the postnoon sector (blue), containing an equatorward component, is in accordance with the MHD modelling work by Crooker et al. (1998) (see their Fig. 3) .
The detailed association between aurora and convection for 08:36 UT (in MLT/MLAT coordinates) is illustrated in Fig. 10 . The two auroral forms labelled 1 and 2 in Fig. 9 are easily identified. The aurora seen in the postnoon sector (12:30-14:30 MLT), well separated from the type 2 form on its equatorward side (within ∼72-74 • MLAT), is accompanied by northwestward convection in the merging cell. The latitudinal gap between this form (type 1) and the type 2 aurora also represents the separation between the merging and lobe convection cells. Poleward moving auroral forms are localized in the convection throat in the 10:00-12:00 MLT/73-77 • MLAT sector.
The evolution of the convection during the interval 08:36-08:38 UT is illustrated in Fig. 11 . We note the patch of strong poleward ion drift (red vectors) in the 75-82 • MLAT 10:00-12:00 MLT range. The bright cusp aurora in this local time sector (10:00-12:00 MLT) is shown in Fig. 5 .
The association between plasma convection, particle precipitation and auroral forms during one of the events is indicated in Fig. 12 . The figure shows the convection pattern for 08:38-08:40 UT with the trajectory of spacecraft DMSP F14 during 08:36-08:42 UT and the approximate field of view of the MSP in NyÅlesund marked by dark blue symbols. Precipitating protons with energy-latitude dispersion typical of the cusp-mantle region during southward IMF conditions (energy increasing with decreasing latitude) was recorded from F14 in the sector marked by a red double-arrowed line (during 08:39:00-08:40:20 UT). In this same sector the ion driftmeter on board the spacecraft recorded strong, westward ion drift, i.e. a classical convection channel, after exiting a region of near zero drift in the direction normal to the S/C trajectory (during 08:36-08:38 UT). The spacecraft skimmed the boundary of the lobe cell during ∼08:35-08:38:30 UT. The strong sunward/equatorward convection within 08:35-08:37 UT is one manifestation of the lobe cell. The latitudinal sector of the auroral brightening (equatorward boundary intensification) at ∼08:40 UT, as recorded by the MSP in NyÅlesund (Fig. 3) , is marked by a red double-arrowed line along the MSP FOV.
At 08:40 UT the poleward boundary of the previous auroral brightening/poleward expanding event had reached well beyond the latitude of NyÅlesund (marked by an isolated solid dot in the figure). At this time NyÅlesund is located near the eastern boundary of the region of enhanced (> 800 m/s) poleward ion drift in the convection throat. This data set demonstrates: (i) that the poleward part of the cusp aurora, appearing as a classical PMAF, is expanding poleward in the direction of plasma convection in the throat region,
(ii) the episode of enhanced convection (08:32-08:40 UT) may be divided in two phases (enhanced westward convection at the cusp equatorward boundary, followed by a poleward propagating patch of strong, poleward convection) corresponding to two phases of the cusp auroral activity (equatorward boundary intensification, followed by a poleward moving/expanding form), (iii) the fading phase of one event (08:38-08:40 UT) overlaps with the initial phase of the next event, and (iv) the patch of enhanced poleward ion drift is located within 75-82 • MLAT, e.g. it extends beyond the poleward boundary of the PMAFs in the fading phase. Figure 13 shows the DMSP F14 data obtained during the pass indicated in Fig. 12 . A clear staircase cusp with three ion energy steps was recorded during the interval 08:39:00-08:40:30 UT. Low-energy cutoffs in these three steps are observed at 150 eV, 500 eV, and 2 keV (see panel 4). Thus, these steps are very similar to those reported by Escoubet et al. (1992) , which were interpreted in terms of a pulsed magnetopause reconnection process and the associated poleward/tailward motion of a series of discrete, open flux tubes, which is due to the coupling to the solar wind. Within the regime of the stepped cusp (∼71.5-74.0 • MLAT/∼12.0-13.5 MLT), there is highly structured electron precipitation characterized by latitudinally separated filaments containing a broad energy spectrum, extending to relatively high energies (600 eV and occasionally above 1 keV; see Sandholt et al. (1989) and Lockwood et al. (2001) . A different regime of ion dispersion was observed during 08:35-08:39 UT, in the 16.9-13.5 MLT/73-75 • MLAT sector. During the 08:35-08:37 UT part of this sector, the crosstrack ion drift (blue) has a clear equatorward component, in contrast to the later traversal through the stepped cusp. This is consistent with the lobe cell recorded by the SuperDARN radar (Fig. 12) . The first part of the pass (08:33-08:35 UT) shows the traversal of the dusk sector of the auroral oval and its plasma sheet precipitation. Figure 14 shows the evolution of the convection pattern (SuperDARN vector plots) for the interval 08:46-08:50 UT, covering the last major "midday auroral breakup event"/PMAF in the sequence illustrated in Fig. 3 . The field of view (FOV) of the meridian scanning photometer (MSP) in NyÅlesund is marked in panels C and D. As in the previous case, the convection event starts with enhanced westward flow at the cusp equatorward boundary, accompanied by auroral brightening, during 08:44-08:46 UT. This is followed by a swing to more poleward convection (in the convection throat) and associated poleward expanding aurora in the later phase of the event (08:48-08:50 UT). The latitudinal span of the aurora at this time is marked by a bar along the MSP FOV in panel D of Fig. 14 . As in the previous event, the "patch" of enhanced convection, marked by red vectors, extends to higher latitudes than the PMAF, well beyond 80 • MLAT. The 08:48-08:50 UT panel shows the strongest flow within 77-82 • MLAT, when the cusp equatorward boundary was located at ∼72-73 • MLAT. Figure 15 shows X-component magnetograms from the IMAGE (International Monitor for Auroral Geomagnetic Effects) stations on Svalbard and in Scandinavia (see http://www.geo.fmi.fi/image/). The data are 10 s resolution. For each trace, the average over the whole interval has been subtracted from the raw readings.
The four events of type 1 auroral brightenings and associated away (antisunward/poleward) ion drift are marked by vertical full lines (event onsets) at 08:25, 08:35, 08:41, and 08:48 UT. We can see that the auroral and the radar events are accompanied by clear events of positive X-deflection at stations HOP-HOR-LYR-NAL, spanning the latitude range 72 • -76 • MLAT. This is the latitudinal band of the type 1 cusp aurora (see Fig. 2 ). The dash-dot line at 10:00 UT marks the abrupt recovery after the strongly negative deflection (convection bay) at cusp latitudes during the interval 09:00-10:00 UT. This is a clear signature of the convection response to the rapid northward turning of the IMF recorded by IMP8 at 09:54 UT (see Fig. 1 ).
In this paper we focus on the auroral activity which ocurred during the interval 08:25-08:50 UT (associated with the four positive X-deflections marked by the vertical lines), before the negative convection bay during 08:55-10:00 UT. The onset of the latter convection bay was accompanied by a marked equatorward displacement of the aurora along the Nẙ Alesund meridian to ∼70-72 • MLAT (see Fig. 4 and further comments below).
Discussion
The basis for this study is a detailed description of the 2-D structure/evolution of a sequence of auroral activations in the cusp/polar cap and the association with plasma convection observed during a 30 min interval on 14 January 1999. The main features of the aurora-convection observations during two individuals events in the sequence are shown in Figs. 10 and 14 and schematically summarized in Fig. 2 . These events occurred when the interplanetary magnetic field (IMF) was relatively stable and characterized by strong B y (10 nT) and B z (−10 nT) components (clock angle 135 • ). During the interval under study (08:25-08:55 UT), the cusp equatorward boundary migrated slowly equatorward (see Fig. 3 ) within the latitude range 73 • -75 • MLAT. At the end of this interval (∼08:55 UT), a reconfiguration occurred in aurora and plasma convection, resulting in a substantial lowering of the latitudinal position of the cusp/cleft aurora, approaching the boundary of the field of view at ∼70-72 • MLAT, and the activation of a strong magnetic convection bay at these latitudes. The latter state lasted until a strong IMF northward turning which arrived at the magnetopause just before 10:00 UT. One reason for the transition at 08:55-09:00 UT is a gradual southward rotation of the IMF from the state |B y | ≥ |B z | to the state |B y | < |B z | (IMF clock angle increasing from below to above 135 • ), which was recorded by spacecraft IMP8 at ∼08:40 UT (Fig. 1) . Related to this we note that it has been documented previously that during large, continuous southward IMF rotations, a greater qualitative change in the convection pattern occurs at |B y | |B z | (clock angle 135 • ) than at the transition through B z = 0 (Knipp et al., 1993 ) (see also Freeman et al., 1993; Huang et al., 2000) . The corresponding change in auroral configuration at midday (meridian scanning photometer data only) and associated ground magnetic deflection, very similar to that which occurred in the present case, is seen in the two case studies reported by Sandholt and Farrugia (1999) .
The events we study here belong to an interval character- Fig. 13 . Particle spectrograms, ionospheric ion drift and magnetic deflections obtained from spacecraft DMSP F14 during the interval 08:33-08:42 UT on 14 January 1999. Panels 1 and 2 show differential particle flux (electrons and ions) and average energy, respectively. Panels 3 and 4 show color-coded particle spectrograms for electrons and ions, respectively. Panel 5 shows ion drift in the horizontal (cross track; violet) and vertical (upward; green) directions. Panel 6 shows the horizontal magnetic field deflection components along (DB Y ) and normal (DB Z ) to the satellite track.
ized by IMF B y |B z |. They appear as a sequence of brightening events which involve latitudinally and longitudinally separated cusp-type auroral forms. Individual events in the sequence consist of:
(1. initial brightening, accompanied by westward convection in the postnoon sector (12:00-15:00 MLT/∼73-75 • MLAT), followed by (2. rapid westward expansion into the prenoon sector, appearing as equatorward boundary intensification/poleward expansion in the MSP records at Nẙ Alesund, in the 10:00-12:00 MLT sector, as well as (3. a brightening form expanding westward (towards noon) in the 12:00-15:00 MLT sector (B y > 0), at ∼75-
While the auroral phenomena (1) and (2) are accompanied by bursts of enhanced westward and poleward convection in the merging cell, the type 2 auroral events are found to be related to lobe cell convection (see also Sandholt et al., 1998a Sandholt et al., , 2001 . We find that each type 2 auroral event is accompanied by a ∼5-min long event of zonal (westward) convection in the postnoon sector (∼14:00-17:00 MLT), at polar cap latitudes (∼75 • MLAT; see Figs. 9 and 12). The close association in space between the auroral forms and the composite convection pattern, consisting of merging and lobe cells, during a long sequence of auroral events, was indicated in Sandholt et al. (2001) . However, in that case the optical field of view was limited to a single meridian (the NyÅlesund MSP meridian). In this case we demonstrated the detailed temporal-spatial evolution of the auroral forms by applying observations from two all-sky cameras with partly overlapping fields of view. This extended instrumentation was particularly appropriate for demonstrating the evolution of the type 1 and 2 auroral events. Furthermore, in the present case the FOV of the Cutlass Finland radar (see Fig. 2 ) was ideally located for monitoring the temporal evolution of the convec- figure. The MSP field of view and the approximate latitudinal extent of the aurora are marked by double-arrowed meridional line and bars, respectively, in panels C and D (Fig. 14 continues) . tion pattern on the dayside.
The main thrust of this paper is, therefore, the demonstration of the 2-D morphology and dynamics of the interrelated activations of latitudinally and longitudinally separated auroral forms in the cusp/polar cap, and the association with a composite pattern of merging and lobe convection cells (Reiff and Burch, 1985) . Combining the present results with those reported in Sandholt et al. (2001) , we find that this auroral configuration/convection pattern is typical for intervals of B y -dominant IMF orientation (including the clock angle range 90 • -135 • ). The aurora in this case may correspond to the type of double (or bifurcated) cusp precipitation that has been reported by Wing et al. (2001) . The association between aurora and particle precipitation (protons and electrons) for such cases has been documented in a recent study by Sandholt et al. (2002) .
We note that the type 1 auroral brightenings recorded by the meridian scanning photometer in NyÅlesund are located in the convection throat in the prenoon sector (marked by cross-hatching in Fig. 2 ) during the prevailing B y > 0 and B x < 0 conditions, which is in agreement with the results of Maynard et al. (2001) (concerning the plasma con- figuration, see also Neudegg et al., 2001 , and the pulsed ionospheric flows (PIFs) statistics of Provan et al., 1999) . The auroral transition appearing in the MSP records at ∼09:00 UT/12:00 MLT (Fig. 4) , when the PMAF sequence is replaced by an aurora at lower latitude, took place when the NyÅlesund MSP moved out of the convection throat (with poleward convection), into the postnoon sector, where the local convection is more zonal (westward return flow in the postnoon sector) (see Fig. 9 ). Here it is also shown that the type 1 auroral activations (near the cusp equatorward boundary) and subsequent poleward expansions (PMAFs) are accompanied by episodes of enhanced westward flow followed by swings to antisunward (poleward) drift in the convection throat (Figs. 7, 9, 11 and 14) and X-component magnetic deflection (Fig. 15) at cusp latitudes. The convection enhancements evolve with time towards higher latitudes in the cusp/mantle region (Figs. 9, 11 and 14) . The latter is in agreement with previous radar observations of enhanced poleward flow poleward of the cusp, which has been attributed to a transient increase in dayside reconnection (Greenwald et al., 1999) . The pulsed nature of the type 1 cusp aurora is clearly demonstrated in Fig. 3 . We have documented the one-to-one association between the auroral and convection events.
One important feature in the data set deserves further comment, that is the bursts of westward convection appearing as IMAGE X-component January 14, 1999 a toward flow (blue) in beam 14 of the CUTLASS radar in the 12:00-14:00 MLT/ 73-75 • MLAT sector in the early phase of the events described above. We note that the flow is not always strictly westward, e.g. an equatorward component may be present at times (see also Neudegg et al., 2001) . However, the occasional presence of an equatorward flow component could be an artifact. Clear examples are represented by the intervals 08:32-08:34 UT (see Figs. 7 and 8) and 08:44-08:46 UT (Fig. 14) . The aurora corresponding to the former event is seen in the lower section of the Heiss Island images in Fig. 6 . The phenomenon also appears to be present in the form of initial brightenings seen in the MSP plot in Fig. 3 during the intervals 08:32-08:34 and 08:44-08:46 UT. Referring back to the schematical illustation in Fig. 2 , this aurora-convection feature in our data set is manifest in the region of the single-hatched region south of 75 • MLAT in the ∼12:00-14:00 MLT sector and along the most equatorward bar marked along antenna beam 14. In our view this phenomenon is well explained by the model of the initial ionospheric flow response to flux transfer events during B y > 0 conditions, as illustrated schematically in Fig. 4 of Milan et al. (2000) (see also Cowley, 1998) .
The evolution of the present aurora-convection events may be explained in terms of a wave-like propagation of reconnection events on the dayside magnetopause, much in the way as was explained in recent studies by Milan et al. (2000) and Sandholt et al. (2001) . The upper panel of Fig. 16 shows a tilted reconnection line on the magnetopause for IMF B y > 0 conditions (IMF clock angle ∼135 • ) and field lines just inside the magnetopause which are tilted over in the direction of IMF B y (see Cowley et al., 1991) . The northern cusp, displaced into the post-noon sector, is thus connected with the southern cusp which is displaced pre-noon. This is the sense of displacement of the main cusp as determined by Newell et al. (1989) from DMSP particle precipitation data. A burst of magnetopause reconnection starting at noon (component reconnection in the subsolar region) will first map into the post-noon sector in the Northern Hemisphere, followed by propagation away from this centre both west and east, towards higher latitudes. In the ionosphere the westward (dawnward) propagation/expansion at the magnetopause (in the Southern Hemisphere) results in an auroral transient propagating at lower latitudes around noon from post-noon to pre-noon at the equatorward edge of the merging cell. The eastward (duskward) propagation to higher latitudes at the magnetopause eventually produces the type 2 auroral form, which will also propagate westward towards noon in the lobe cell due to field tension (curvature force). This evolution of the ionospheric events is indicated in the lower panel of Fig. 16 . The two open arrows mark westward surges of the type 1 and 2 auroras. Thus, our interpretation of the auroral data is that the reconnection signature starts in the ionosphere post-noon (due to field line tilting), and then propagates in both directions, east to give the type 2 aurora eventually, and west to give the westward propagation across noon of the type 1 aurora. The latter auroral expansion from post-noon to pre-noon, which is often observed (see e.g. Sandholt et al., 1998c, their Plate 2), is in our view in good agreement with the presence of a tilted X-line in the subsolar region, which is based on the component reconnection model (see Introduction).
Related to the above interpretation we note that a combined ground-satellite data study of plasma convection and particle precipitation during similar IMF conditions, as in the present case, has been reported by Coleman et al. (2001) . Their data set was found to be consistent with antiparallel, steady state merging, as described by Crooker (1979) and Luhmann et al. (1984) . That interpretation is based on the observation of certain convection vortices involving strong equatorward flow at cusp latitudes at noon, and an ion dispersion signature consistent with steady-state reconnection. In their view, the cusp is spatially bifurcated due to 2 spatially separated reconnection sites on the magnetopause. We find that the auroral evolution (activation sequence) reported here, characterized by rapid auroral expansion across noon, as described above, is consistent with the presence of component reconnection in the subsolar region. This scenario is also supported by the ionospheric ion flow at noon, which is mainly westward, and definitely turns northwestward in the later phase of each event. Furthermore, the clearly stepped (or staircase) cusp, in combination with the optical data (a clear sequence of brightening/expansion events), lead us to interpret our observations in terms of a bursty reconnection process. We note, however, that in order to completely resolve the component versus antiparallel reconnection issue, we need to examine more examples.
In the configuration indicated in Fig. 16 , characteristic of IMF B y > 0 conditions, poleward moving auroral forms (PMAFs) are expected to occur in the region where the merging cell flow turns poleward in the ∼10:00-12:00 MLT sector, which is in very good agreement with the observation in our case, as well as the previously reported observations. We point out the association between classical PMAFs, for example, those emanating from cusp equatorward boundary intensifications (EBIs) and fading out ∼500 km further north, and the poleward ion flow in the convection throat. Thus, we conclude that these poleward moving/expanding forms (Fig. 3) represent a low-altitude signature of the evolution of plasma transfer/precipitation along reconnected field lines in the cusp/mantle regime/convection throat during ∼5-10-min long intervals following the initial EBIs. The "patch" of enhanced (∼1 km/s) poleward convection, observed within a latitude range, located ∼500-1000 km poleward of the cusp equatorward boundary in the late phase of the PMAFs, is then related to the addition of new open flux to the highlatitude boundary layer (mantle/lobe), as described by Cowley and Lockwood (1992) , and the associated solar windmagnetosphere dynamo action (j · E < 0) taking place there (Siscoe et al., 1991) . It has been previously documented that the fading phase of PMAFs occurs within the regime of mantle precipitation (Sandholt et al., 1993) . Steady-state aspects of the high-latitude dynamo process for the actual IMF orientation (IMF B y > 0) are discussed by, for example, Taguchi et al. (1993) . Our aurora-convection results are in good agreement with the recent study of Provan et al. (2002) , showing that the high-latitude pulsed ionospheric flows are observed within the regime of mantle precipitation and can be considered as "fossilized signatures of dayside reconnection, observed as the field lines are being pulled antisunward by the magnetosheath flow."
From the reported observations we may consider the partitioning of the total polar cap potential drop ( P C = 80-90 kV) among the merging and lobe convection cells, in line with the discussion in Crooker et al. (1998) . In the case discussed by Crooker et al. (1998) , for an IMF pointing due west (clock angle = 90 • ), the merging and lobe cells contributed 65 and 25 kV, respectively. In the present case we estimate from the potential contour plots in Figs. 9 and 11 that the merging and lobe cells contributed ∼60 and 20 kV, respectively. This is based on the following estimate of the location of the equatorward boundary of the lobe cell. The DMSP F14 pass (Fig. 12) is skimming this lobe cell boundary at ∼75 • MLAT in the 14:00-17:00 MLT sector during the interval 08:35-08:38 UT. This sector is characterized by southwestward (sunward) ionospheric ion flow and particle precipitation typical of the lobe cell (Eriksson et al., 2002) . In the DMSP F14 data (Fig. 13 ) the latter precipitation is located between a zone of plasma sheet precipitation (before 08:35 UT) and a cusp-mantle region with standard ion dispersion (08:38:00-08:40:30 UT).
We note that many of the apparent "rebrightenings" at high latitudes of poleward moving auroral forms (PMAFs) in meridian scanning photometer (MSP) records (Sandholt et al., 1986; Fasel, 1995) may be due to type 2 auroral forms expanding into the MSP field of view from the side, as exemplified by the 08:35 UT case in the present study. Other, more spectacular examples of such "rebrightening" events, which occurred during similar IMF conditions, as in the present case (or slightly lower clock angles), are seen in Plates 1 and 2 in Sandholt et al. (1998a Sandholt et al. ( , c, 2001 ) (see also Øieroset et al., 1997 ). An interesting observation to note, which is in accordance with the present interpretation, is that these "rebrightenings"/bifurcations disappeared when the IMF clock angle increased above ∼135 • . So, the disappearance of the PMAF/"rebrightening" phenomenon in the MSP records at 09:00 UT/12:00 MLT in the present case may be due to a combination of two effects, one being a spatial and the other a temporal structure: (i) the MSP moved out of the convection throat, and (ii) the IMF rotated further south (beyond 135 • clock angle), giving rise to a reconfiguration of the convection pattern, which approached a more symmetrical two-cell configuration (see Huang et al., 2000) . If we then briefly return to the auroral condition at 08:00-08:15 UT (Fig. 3) , when IMF B z was close to zero (clock angle ∼90 • ), the highest-latitude form represents the type 2 aurora and the lobe cell when its focus was located closer to midday and at higher latitude, in agreement with the results of Huang et al. (2000) .
Finally, we point out that the rather broad energy spectrum (∼30-600 eV; occasionally reaching above 1 keV) of the highly structured electron precipitation (latitudinally separated current filaments) permeating the cusp region (see Fig. 13 ) is consistent with the presence of long auroral rays, spanning much of the altitude range ∼120-400 km, which is so characteristic for this locale.
